The Puijo aerosol-cloud observation station is a unique measurement site for its location in 16 the mixed region between the boreal forestland and the municipality of Kuopio, Finland. A 17 measurement campaign was carried out at the station during fall 2010. An Aerodyne high 18 resolution time-of-flight aerosol mass spectrometer (HR-Tof-AMS) was deployed to 19 characterize the atmospheric submicron aerosols. Positive matrix factorization (PMF) was 20 applied to the unified high resolution mass spectra organic species with NO + and NO 2 + ions 21 to discover the intrinsic relationships between the organic and inorganic species and their 22 daily cycles. On average, the submicron aerosols in this study were dominated by organic and 23 sulfate species, making 48.2% and 28.7% of total observed aerosol mass, respectively, with 24 smaller contributions from ammonium (9.3%), nitrate (4.9%), chloride (0.8%) and BC 25 (8.1%). The sources of these species included the primary emissions originating from the city 26 area, secondary formation from both natural and anthropogenic emissions and regional 27 transport. The PMF analysis succeeded in separating the mixed organic and inorganic spectra 28 into three distinct organic and one inorganic factors. For organic factors, the semi-volatile 29 oxygenated organic aerosol (SVOOA) and low-volatile oxygenated OA (LVOOA) accounted 30 for 54.8% and 36.3% of total organic masses, respectively, while the hydrocarbon-like 31 organic aerosol (HOA) consisted of 8.9% of total organics with its main source from urban 1 emissions. The inorganic factor is identified as NH 4 NO 3 , comprising 6.9% of the fitted 2 aerosol mass by PMF. Based on the PMF results, the nitrate species were separated into 3 organic and inorganic components, with the organic nitrates contributing 1/3 of the total 4 nitrate mass. The results highlight both anthropogenic and biogenic emissions as important 5 atmospheric aerosol sources in a forest-urban mixed region. 6 7
Measurements
The measurements were carried out between 21 September and 27 October 2010 during the 25 Puijo Cloud Experiment 2010 campaign (PuCE 2010) . The station is located on the top of 26 Puijo tower in Kuopio, Finland, (population 106,000 in 2014, 62 º 54′34″N, 27 º 39′19″E). The 27 station is 224 m above the surrounding lake level and is surrounded by a forest consisting of 28 coniferous (mostly pine and spruce), deciduous (mostly birch) trees and lakes (Fig. 1) . The residential areas in and around the city (Portin et al., 2014) . Overall, the measurement station 1 is situated in a unique location with both forest and urban influences, providing a unique 2 opportunity to observe the anthropogenic and biogenic aerosols and their possible 3 interactions. A more detailed introduction to the station and instrumentations is given in 4 Leskinen et al. (2009, 2012) and Portin et al. (2009 Portin et al. ( , 2014 . 5 2.2 AMS and data processing 6 During the campaign, the chemical composition and mass size distributions of ambient 7 aerosols were measured by HR-ToF-AMS. Detailed descriptions of the instrument, 8 measurement and data processing are given in other publications (DeCarlo et al., 2006; 9 Canagaratna et al., 2007) . In summary, the AMS measures the size-resolved, non-refractory 10 composition of submicron aerosols (PM 1 ). Before entering the AMS, the samples were dried 11 through a sil-gel dryer to eliminate the effect of water content of sampled aerosol on the 12 determination of aerosol mass. 13 The AMS data were analyzed using standard ToF-AMS data analysis toolkits (SQUIRREL 14 V1.50K and PIKA V1.10H, downloaded from the HR-Tof-AMS resources webpage: 15 http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html) using 16 Igor Pro software (version 6.22, WaveMetrics Inc.). The V-mode mass spectra were 17 processed with SQUIRREL and PIKA to determine the mass concentrations and size 18 distributions. The W-mode data were processed with PIKA to verify the ion identification in 19 V-mode. For mass concentration calculations, the default relative ionization efficiency (RIE) 20 values 1.1, 1.2, 1.3 and 1.4 for nitrate, sulfate, chloride and organic were applied, respectively. 21 The RIE for ammonium was 3.7, as determined from the ionization efficiency calibration. A 22 particle collection efficiency (CE) factor of 0.5 was applied to account for the loss of particles 23 in the aerodynamic transmission lens and heat vaporizer. After correction the comparison of 24 AMS-determined aerosol mass to total aerosol volume measured with differential mobility 25 particle sizer (DMPS) shows good agreement (Fig. 2C) . 26 Further data analysis was performed by positive matrix factorization (PMF) applied to the 27 high resolution mass spectra. The PMF technique and its application to AMS datasets have 28 been documented by Paatero and Tapper (1994) and Ulbrich et al. (2009) , respectively. For 29 the current study, organic and error matrices in the m/z 12-150amu of the high resolution 30 mass spectra were generated in PIKA. The time-varying abundances of NO + and NO 2 + from 31 the AMS high resolution dataset were also integrated into the organic matrices for PMF 32 5 analysis. The integrated error matrices (organic plus nitrate species) were further processed 1 following the principles of Ulbrich et al. (2009) . Then the processed integrated matrices were 2 fitted using the PMF Evaluation Tool V2.04. The PMF was evaluated with 1 to 10 factors.
3 Rotation (Fpeak) varied from -1 to +1 by step 0.1 and seed from 0 to 100 by step 10.
4
After a detailed evaluation of mass spectral profiles, time series and comparisons with 5 external tracers, a 5-factor solution was chosen. Factors 3 and 4 produced meaningful time-6 series and mass profiles but we could not find other gas or particle phase observation that 7 correlate with them. Thus these two factors were merged to generate a new factor by a mass-8 weighted combination. The new factor shows a good correlation with nitrate species in the 9 time trend. As a result, an improved 4-factor solution is presented in this paper. The 6-factor 10 solution split the LVOOA factor and produced a meaningless factor. The factor time series 11 shows the best correlations with tracers at Fpeak=+0. contributed to 24% of the wind while wind from east was rarely blown to the measurement 7 site in this campaign (less than 1%).
8
The mass concentration of individual chemical species, chemical composition, and total mass 9 concentration of PM 1 varied during the measurement period ( Fig 2C-E) . Multiday episodes of for 48.2% and 28.7% of the total PM1 mass, respectively, with the rest being ammonium 22 (9.3%), nitrate (4.9%), chloride (0.8%) and BC (8.1%).
23
The large variations in the aerosol concentrations are firstly associated with the wind 24 direction, which can be used as a proxy for aerosol origin. is indicative of aged regional particles (Alfarra et al., 2004) . The observations in these rose 33 7 plots indicate that the motorway and paper mill to the north might act as important local 1 aerosol sources for the primary particle emissions.
2
Regarding the total aerosol mass ( Fig. 3C ), the high mass concentration was generally 3 associated with the wide southern sector, with some peaks from the direction of the paper 4 mill and motorway (northeast, around 30-45 degree).
5
Sulfate appears dominantly in the southern sector ( Fig. 3E ). We also observed sulfate 6 originating from the northeast direction, which corresponds to the spikes observed in the time 7 series during 26-29 September in Fig. 2C (gray bar). The time series during this period 8 correlated well with that of NO 2 shown in Fig. S7 , giving us confidence that sulfate was 9 emitted from the paper mill or motorway as local sources in this study. Emissions of sulfate 10 were also observed from the heating plant in the southern direction by case studies (Portin et 11 al., 2014) . In our study, the sulfate from the heating plant might be mixed together with the 12 regionally transported sulfate and is thereby not distinguishable.
13
The diurnal pattern of sulfate is shown in Fig. 4 . On average, the diurnal variations are small. 14 We have only observed two very small peaks appearing at 2:00 and 10:00, which were found 15 to be caused by sulfate emissions from local sources. Excluding the directly emitted sulfate 16 from the paper mill during 26-29 September (the gray bar in Fig. 2 ), the two peaks 17 disappeared. The lack of its clear diurnal pattern is consistent with the non-volatile character 18 of sulfate and regional transport as the major source during this campaign.
19
The organic species exhibit a similar wind rose as sulfate. The highest concentrations were 20 mainly from the south (Fig. 3D ).The sources for the organic compounds include local 21 emissions from anthropogenic activities, local formation and regional transport. The mass 22 concentration of organics demonstrated a more pronounced cycle with a maximum at 9:00, 23 decreasing in the afternoon. The diurnal pattern is the interplay of HOA, Semi-volatile 24 oxygenated organic aerosol (SVOOA) and low-volatility oxygenated organic aerosol 25 (LVOOA) components that are extracted from organic spectra by PMF analysis. A more 26 detailed explanation will be provided in Sec. 3.2.
27
The particulate nitrate concentration demonstrates a peak in the northeast direction ( Fig. 3F ).
28
As locally formed chemical species, the high concentration from that direction is consistent 29 with the location of paper mill and motorway and therefore is believed to be attributed to the 30 emissions from both sources. The nitrate species were separated into organic and inorganic 31 sub-components in this study. The diurnal cycle of nitrate shows a very small peak in the 1 morning and a decrease in the afternoon (Fig. 4) . Such a diurnal behavior can be explained by 2 the facts that the relatively low temperature and higher relative humidity favor the gas to The four factors account for 98.2% of the total fitted aerosol mass. Of the total fitted aerosol 25 mass, 51.0% is from SVOOA, 33.8% from LVOOA, 8.3% from HOA and the rest (6.9%) 26 from NIA. The NIA factor is a mixture of organic and inorganic signals. The mass spectrum 27 signature is dominated by the inorganic NO + and NO 2 + ions, composing 86.4% of the mass of 28 this factor with the rest species being from organic fragments ( Fig. 6) . A more detailed 29 discussion is provided in next sections. The diurnal pattern of HOA displays an elevated mass concentration starting at 6:00 ( Fig. 8 The OOA component in this study was categorized into two subtypes: SVOOA and LVOOA.
27
The mass spectrum of SVOOA is characterized by the prominent peak at m/z 43 (94 % by 28 mass (m%)) contribution from C 2 H 3 O + ), which is similar to the less oxidized SVOOA Sweden and Central Europe based on the wind rose ( Fig. 7) and back trajectory analysis 32 (refer to the supplementary materials), might have contributed greatly to the observed 33 LVOOA in this study (Fig. S10 ).
12
The diurnal cycles of OOA components are shown in Fig. 8 . The SVOOA displays a 1 pronounced diurnal cycle that is characterized by a peak at 9:00 and a gradual decrease from 2 9:00 to the afternoon, reaching a minimum at about 17:00. In contrast, LVOOA starts to 3 increase at 8:00 and peaks in the afternoon. The SVOOA diurnal pattern is the outcome of 4 multiple factors related to the boundary layer dynamics, temperature and formation 5 mechanism. The decrease of SVOOA in the afternoon can be explained by dilution caused by 6 the increase in boundary layer height and possible evaporation of semi-volatile species from 7 particles due to higher ambient temperature and lower relative humidity. SVOOA dominates 8 the organic species during the nighttime, which is also possibly associated with decrease in 9 temperature and SOA formation from VOC ozonolysis and/or nitrate radical chemistry. The
10
LVOOA peak in the afternoon can be attributed to photochemistry. The observation that the 11 decrease of SVOOA is accompanied with a gradual increase of LVOOA cannot rule out the 12 fact that further oxidation of less oxidized species to more oxidized species has also occurred.
13
The diurnal patterns of two OOA components are in good agreement with the observations 14 performed in the Finnish boreal forest (Raatikainen et al., 2010) .
15
In summary, characterization of atmospheric organic components in a boreal forestland-urban 16 mixed region in this study identified one more factor, which was a HOA factor, than that was separated from other organic factors. These two ions formed 86.4% of this factor on a 30 mass basis and the rest of the factor is composed mainly from C x H y (7.5%) and C x H y O series 31 ions (Fig. 6 ). The ratio of NO + /NO 2 + ions in this factor is 2.9, which is close to the value of ). Thus this factor is primarily recognized as a NH 4 NO 3 factor.
3
Besides the presence of NO x (NO + and NO 2 + ) ions in the NIA factor, we also noticed their 4 presence among the organic factors. Fig. 9 concentrations from the northeast direction (Fig. 10B) , which is believed to be due to the 30 emissions from the paper mill and motorway. The high concentration of inorganic nitrate 31 aerosol from the southwest follows a similar pattern to that of gaseous NO 2 (Fig. S12) ; 1 therefore, this nitrate can be attributed to secondary conversion of urban emissions. For 2 organic nitrate aerosol, 74.4% of mass was assigned in SVOOA, suggesting that it is semi-3 volatile in nature, whilst we also observed 24.3% of organic nitrate in LVOOA and 1.3% in 4 HOA. Its mass appears to originate from the south to west, where residential and forest areas 5 are primarily located. The emissions from both areas could play an important role in the 6 particulate organic nitrate formation as we will discuss in greater detail below.
7
The diurnal patterns of inorganic and organic nitrate species are shown in Fig. 11 . The 8 inorganic nitrate cycle shows a small peak in the morning and a decrease in the afternoon (see ).
20
The difference in the ratios of NO + /NO 2 + ions for nitrate species has been reported in 21 previous AMS studies that employ the AMS. For NH 4 NO 3 , a range of 1.5~2.9 for the ratio of 22 NO + /NO 2 + has been reported (Fry et al., 2009; Farmer et al., 2010; Bruns et al., 2010) , whilst 23 for organic nitrate, the ratio is much higher with values of 10~15 which have been measured 24 for organic nitrate derived from reactions of monoterpene and NO 3 radical in the laboratory 25 chamber experiments (Fry et al., 2009; Bruns et al., 2010) . In this study the NO + /NO 2 + ratio 26 for organic nitrate is 10.4, close to the values of laboratory-produced organic nitrates. As 27 discussed above, Puijo station is surrounded by boreal forest in which monoterpene are 28 predominantly emitted. The observed organic nitrates in the study might be associated with 29 biogenic VOC emissions undergoing night-time chemistry with anthropogenic oxidants (i.e. 30 nitrate radical). By contrast, the NO + /NO 2 + is 2.9 for inorganic nitrate in this study. sulfate concentration is subject to the direct emissions from the local industries around the 17 measurement site and regional transport, with the latter dominating the sulfate contribution.
18
Organics were resolved into semi-volatile oxygenated organic aerosol (SVOOA), low-19 volatile oxygenated organic aerosol (LVOOA) and hydrocarbon-like organic aerosol (HOA) 20 components by PMF. The first two aerosol types account for 91.1% of total organic mass.
21
The high fraction of OOA in this study is associated with biogenic and anthropogenic SOA The PMF analysis of the unified high resolution mass spectra provides a feasible approach to 30 as differentiating organic and inorganic nitrates well quantifying particulate organic nitrate.
31
The determined organic nitrate species account for about 1/3 of the total nitrate mass with a Phys., 5, 3289-3311, doi:10.5194/acp-5-3289-2005 Phys., 5, 3289-3311, doi:10.5194/acp-5-3289- , 2005b . 
